X-linked hypohidrotic ectodermal dysplasia (XLHED) is a genetic disorder due to a mutation of the EDA gene and is mainly characterized by an impaired formation of hair, teeth and sweat glands, and craniofacial dysmorphologies. Although tooth abnormalities in Tabby (Ta) mutant mice -the murine model of XLHED -have been extensively studied, characterization of the craniofacial complex, and more specifically the mandibular morphology has received less attention. From 3D micro-CT reconstructions of the left mandible, the mandibular outline observed in lateral view, was quantified using 2D elliptical Fourier analysis. Comparisons between Ta specimens and their wild-type controls were carried out showing significant shape differences between mouse strains enabling a clear distinction between hemizygous Ta specimens and the other mouse groups (WT and heterozygous Eda Ta/+ specimens). Morphological differences associated with HED correspond not only to global mandibular features (restrained development of that bone along dorsoventral axis), but also to subtle aspects such as the marked backward projection of the coronoid process or the narrowing of the mandibular condylar neck. These modifications provide for the first time, evidence of a predominant effect of the Ta mutation on the mandibular morphology. These findings parallel the well described abnormalities of jugal tooth row and skeletal defects in Ta mice, and underline the role played by EDA-A in the reciprocal epithelial-mesenchymal interactions that are of critical importance in normal dental and craniofacial development. Kristenova et al., 2002; Charles et al., 2009) . Dental abnormalities in Ta mice were characterized by a marked phenotypic variability Peterkova et al., 2002) . A skeletal phenotype in Ta mice was also described, consisting of spontaneous tail vertebral fractures linked to epiphyseal and subepiphyseal dysplasia as well as bone microstructural defects with increased tibial trabecular interconnectivity (Hill et al., 2002) . Interestingly, there are few observations about craniofacial morphology in Ta mice and no quantitative data describing the mandibular aspects in this syndrome seem to be available in literature.
XLHED and consist in reduced and retrognathic maxilla, frontal prominence, cranial base modifications, reduced facial convexity and facial height with deficiencies in sagittal and transverse skeletal growth (Johnson et al., 2002; Arslan et al., 2007; Clauss et al., 2008) . Global reduction of facial growth, especially in the middle third of the facial skeleton, and mandibular growth retardation are integrated in HED craniofacial phenotype (Dellavia et al., 2010) . Bone structural modifications have also been described in patients affected by XLHED and correspond to local increases of alveolar and basal bone densities and hypercorticalization (Lesot et al., 2009) . Heterozygous female carriers of XLHED exhibit moderate phenotypic manifestations consisting in hypodontia, mild dental morphological defects, distribution of abnormal skin along Blaschko lines, and some craniofacial changes as midface hypoplasia and abnormal cranial base length (Cambiaghi et al., 2000) .
Tabby (Ta) mutant mouse mimicking human XLHED, results from a Ta gene mutation sharing a 97% sequence homology with EDA human gene (Srivastava et al., 1997) . Phenotypically, this mouse model displays the same ectodermal defects with alopecia, eccrine glands hypoplasia, dental ageneses, microdontia or dental crown, and root morphological alterations (Tucker et al., 2000;  
IntroductIon
Hypohidrotic ectodermal dysplasias (HED) are a large and heterogenous group of heritable genodermatoses, encompassing more than 200 distinct syndromes and characterized by structural abnormalities of ectodermal appendages (DiGiovanna et al., 2009; Itin, 2009) . Ectodermal dysplasias are not considered as pure one-layer syndromes. Indeed, mesodermal abnormalities are also found given the close reciprocal interactions observed between the ectodermal and mesodermal layers (Itin, 2009) . The most prevalent HED is X-linked hypohidrotic ectodermal dysplasia (XLHED) and is due to a mutation in EDA gene (Vincent et al., 2001) . EDA gene undergoes alternative splicing and encodes a morphogenetic factor called Ectodysplasin-A1 isoform with tumor necrosis factor (TNF) and collagen domains involved in cell interaction regulation, epithelial morphogenesis, and ectodermal development (Monreal et al., 1998) .
The clinical phenotype of individuals affected by HED is complex and includes hypotrichosis, dental agenesis and morphological defects, onychodysplasia and eccrine glands aplasia, or hypoplasia, being the main features (Pinheiro and Freire-Maia, 1994) . Craniofacial and anthropometric changes are also described in Kristenova et al., 2002; Charles et al., 2009) . Dental abnormalities in Ta mice were characterized by a marked phenotypic variability Peterkova et al., 2002) . A skeletal phenotype in Ta mice was also described, consisting of spontaneous tail vertebral fractures linked to epiphyseal and subepiphyseal dysplasia as well as bone microstructural defects with increased tibial trabecular interconnectivity (Hill et al., 2002) . Interestingly, there are few observations about craniofacial morphology in Ta mice and no quantitative data describing the mandibular aspects in this syndrome seem to be available in literature.
Given its relatively low prevalence (Pinheiro and Freire-Maia, 1994) , studies of humans may never provide enough data to document the extent of phenotypic variation in HED. Furthermore, the underlying assumption is that the mandibular shape phenotype will reflect main and direct morphological effects of the EDA gene mutation associated to HED. Consequently, the study of the corresponding mutant mouse model provides a pertinent comparative framework that is likely to highlight the genotype-phenotype correlation in HED, offering further information on the role of EDA gene in the etiology of mandibular dysmorphology in HED.
In the current study, we document the morphological changes in the mandible of Ta mice in order to complete the general phenotypic picture of HED syndrome. To accomplish it, 2D elliptical Fourier analysis (Kuhl and Giardana, 1982; Schmittbuhl et al., 2003) of the whole mandibular outline precisely recorded from micro-CT 3D reconstruction of the left mandible was carried out. Using such detailed characterization of the mandible, our objectives are to (1) quantitatively evaluate morphological variation among and within the different mice groups under study, (2) depict the shape differences resulting from the phenogenetic processes associated with XLHED, and (3) provide a comparative framework that could be pertinent in interpreting the genotype-phenotype correlation in HED.
MaterIals and Methods tabby Mouse Model

Tabby mice harbored the Eda
Ta null allele of the Eda gene, carried by the X-chromosome. The Ta mutation results from a 2 kb deletion which includes the exon 1 coding region. Eda Ta mice were generated from the inbred Ta strain B6CBACa A w-J /A-Eda Ta /J-XO (Jackson Laboratory, USA). The phenotype was identified according to external morphological criteria: bald patches behind ears and deformities in the distal portion of the tail for hemizygous males (Eda Ta/Y ), striping of the coat for heterozygous females (Eda Ta/+ ). WT mice were generated by inbreeding wild-type animals derived from the B6129PF2/J strain considered as control for strains designated by B6. WT mice and Ta heterozygous females and hemizygous males were genotyped according to previously published protocols (Bourgeois et al., 1998) through PCR amplification using specific forward and reverse oligonucleotides (3F-7R, 6F-8R, and 5F-6R), derived from −3 to +1.9 kb murine genomic sequence surrounding exon 1 of the WT Eda gene. The presence of a deletion in Eda gene exon 1 was observed in Ta specimens, as the 6F-8R primers allowed for amplification only in Ta heterozygous females and WT. The expected genotype of each Ta mice was confirmed by the absence of the 5F-6R primed fragments in Ta males. Mice population sample included 74 specimens, 15 hemizygous males (Eda Ta/Y ), 24 heterozygous females (Eda Ta/+ ), and 35 control WT mice (19 males, 16 females). The Ta sample overlapped the sample studied by Kristenova et al. (2002) . All the specimens studied were adults (3-month-old mice). Mice were killed by intraperitoneal lethal injection of pentobarbital. The experimental protocol was designed in compliance with recommendations of the EEC (86/609/ CEE) for the care and use of laboratory animals. The animals were fixed in 1:10 37% formol, 3:4 100% ethanol, and 3:20 distilled water solution for 15 days.
MIcro-ct scannIng
Ex vivo imaging of full heads was performed using a micro-CT system (eXplore CT 120, GE Healthcare, Waukesha, WI, USA). The protocol used acquired 360 views on 360°, at 100 kV, 50.0 mA, with an exposure time of 20 ms ( Figure 1A) . The duration of one acquisition was less than 4 min. A Feldkamp algorithm of backprojection led to the reconstruction of a volume made of cubic voxels of 50 μm × 50 μm × 50 μm.
IMage processIng
The first steps of the image analysis procedure were performed using MicroView® (GE Healthcare, Waukesha, WI, USA). The left hemimandibles were segmented by using region of interest (ROI) and volume of interest (VOI) functions. A 3D virtual reconstruc- on Tukey's test was then computed to determine which mouse strains were statistically different from the others. All the analyses were performed using Statistica 7.1 software package (Statsoft Inc., Tulsa, OK, USA) and PAST 1.92 (Hammer et al., 2001 ). tion of each left mandible was then computed using the isosurface volume rendering module with a threshold value set at 600 HU ( Figure 1B) . The hemimandible was aligned parallel with the sagittal plane ( Figure 1C ) and the mandibular plane was oriented horizontally ( Figure 1D ). The mandibular images were then processed using the software package Visilog 5.4 ® (Noesis, Gif sur Yvette, France). As each hemimandible could be considered as a relatively plane bony structure (Figure 1C) , the 2D mandibular outline was extracted from the binarized image of each hemimandible lateral view as a series of 512 points expressed by its 2D Cartesian coordinates ( Figure 1E ). The standardized starting point of the outline corresponded to the anterodorsal tip of the incisor alveolar bone ( Figure 1F ).
ellIptIcal FourIer analysIs
Elliptical Fourier analysis was used to describe the mandibular outline following our previous work (Schmittbuhl et al., 2003) . The size normalization procedure consisted in a recalculation of the mandibular outline using the same value of the enclosed area for all mandibles.
Step-by-step reconstructions of the mandibular outlines were performed using an increasing number of harmonics (Figure 2) . A fit index, obtained from the sum of squared distances between the reconstructed points and the corresponding points on the original outline, was calculated for each step of the reconstruction (Schmittbuhl et al., 2003) . Reconstructions were made point by point and corresponded to a summation of vectors, each vector having its origin on the center of the corresponding harmonic ellipse and its extremity on the contour of the considered ellipse (Video S1 in Supplementary Material).
MandIbular sIze varIatIon analysIs
Size variation was evaluated on the mandibular area corresponding to the enclosed area of the mandible in lateral projection.
statIstIcal analyses
Each harmonic corresponded to an ellipse summarized by three elliptical descriptors (Figure 3) : major axis length, minor axis length, and orientation of the major axis of the ellipse. The summary statistics (mean, SD) of the elliptical Fourier descriptors were derived for each mouse strains and each sex (WT males, WT females, Eda
). The quality of fit with the normal distribution was estimated by using the Kolmogorov-Smirnov test. The degree of distinction among mouse strains was assessed and displayed graphically using a discriminant analysis. Correlations between elliptical descriptors and discriminant axes were calculated. The unbiased Mahalanobis D 2 distances -e.g., corrected for unequal sample sizes -between the centroids of each group were calculated to express inter-mouse strains variability. A classification procedure of the specimens was also performed from the derived discriminant scores, and a cross-validation (Jackknifed classification) was applied to estimate the correct classification rate of the discriminant functions (Everitt and Rabe-Hesketh, 2001 ). Next, mandibular size comparisons between mouse strains were performed using an analysis of variance (ANOVA). The homogeneity of variance was assessed using Levene's Test. In the presence of unequal variance, a Welch F test was used to detect significant between-group differences. A post hoc pairwise comparison based 
Figure 2 | Morphological analysis of the step-by-step elliptical Fourier reconstructions. Example of a lateral mandibular outline reconstruction in hemizygous Eda
Ta/Y mice using the 24 first Fourier harmonics. The ramus and the body of the mandible (r.m. and b.m. respectively) started to be described with the second and third harmonics. The coronoid process (c.p.), the mandibular condyle (m.c.), and the angular process (a.p.) appeared with the fifth harmonic. The mandibular notch and the concavity of the posterior border of the ramus were reconstructed together with the previous anatomical structures. Coronoid process, mandibular condyle, and angular process were correctly outlined with the summation of the 9th harmonic, and subtle features of these three parts of the mandible were characterized from the 16th harmonic. The height of the body of the mandible was defined around fourth and fifth harmonics. The incisor alveolar bone (i.a.) appeared with the fourth harmonic and a correct description was acquired using the first ninth harmonics. 
results
Statistics for the elliptical Fourier descriptors (major axis length, minor axis length, elliptical orientation) of the mandibular outline for each mouse strain are reported in Table 1 . An example of step-by-step reconstruction of the lateral mandibular outline is illustrated for the 24 first Fourier harmonics in Figure 2 . For each individual, stepwise summation of the first 24 elliptical Fourier harmonics led to a high fit index, always greater than 99.5%, when the original outline was compared to the corresponding outline of the reconstructed sum of harmonics. However, the major anatomical parts of the mandible were described by the 10 first harmonics (Figure 2; Table 1 ). Likewise the discriminant analysis of the elliptical descriptors was performed for the first 10 harmonics because the multivariate analysis was no more significant after these harmonics (Wilks' Lambda values p > 0.05).
of hemizygous Ta specimens from the WT males sample along DF1 were the major axis length of the first, second, fourth, and ninth harmonics (Table 3) 
. DF2, accounting for the distinction between hemizygous Eda
Ta/Y and heterozygous Eda Ta/+ mice, was best correlated with the major axis length of the fourth Fourier ellipse and the orientation of the ninth ellipse (Table 3) .
A noticeable overlap occurred between heterozygous Eda Ta/+ females and WT females (Figure 4) . The corresponding betweengroup distance was not significant and the group classification was also less accurate ( Table 2) . This overlap indicated a common pattern of mandibular morphology within the two mouse strains. In terms of mandibular shape variations, the morphological differentiation between hemizygous Ta males and the WT males consisted of geometrical differences in the first, second, fourth, and ninth Fourier ellipses mainly ( Table 3 ). The more elongated first ellipse in hemizygous Ta males reflected a shorter mandibular Subtle but significant mandibular shape differences were demonstrated between hemizygous Eda Ta/Y specimens, WT males, and a group formed by heterozygous Eda Ta/+ females and WT females (Figure 4) . However, the discriminant analysis did not reveal significant differences between Eda Ta/+ females and WT females. The first two discriminant functions (DF1, DF2) described 94.6% of the total variance, the first accounting for 60.6% of the total variance, the second DF for the remaining 34.0%.
Hemizygous Ta males clearly departed from the other mouse groups as shown by the significant distances separating the Eda Ta/Y specimens from the other mice groups (Figure 4) and by the accuracy of the classification (see Table 2 ). The greatest difference occurred between hemizygous Ta males and WT males, and the lower distinction between Ta males and heterozygous Ta females, as demonstrated by the corresponding inter-group distances (Figure 4) . The variables that were most effective in the distinction To our knowledge no quantitative analysis of the mandibular phenotype has been undertaken although the skull and facial bones are dysmorphic in the Ta mutant and in human embryos with XLHED (Montonen et al., 1998) . Elliptical Fourier analysis of the mandibular profile provides for the first time quantitative evidence of significant mandibular differences between mice carrying the Eda/Ta gene mutation and their non-mutant littermates.
The mandibular profile alone enables a clear distinction between Eda
Ta/Y group and the other mouse groups. Indeed, our results do not reveal any significant mandibular size differences between hemizygous Ta males and their corresponding WT specimens (Figure 7) . Hence, the mandible is another key feature for identifying the effects of Eda/Ta mutations, and the distinctiveness of hemizygous Ta mice suggests that Eda/Ta defects lead mainly to shape abnormalities rather than size discrepancies of the mandible. Even if a relationship between sex and mandibular shape within the mouse strains exists (see the differences between males and females in WT sample, Figure 3) , the marked departure of Eda Ta/Y specimens from WT males compared to the lower distinction between hemizygous Eda Ta/Y males and heterozygous Eda Ta/+ females provides evidence for a predominant effect of the Ta mutation on the mandibular morphology.
The marked morphological distinction of the mandibular features in hemizygous Eda Ta/Y mice integrated the well-known severe phenotypic expression observed in mutant Ta males (Sofaer, 1969; Blecher, 1986) . Such result parallels previously well-established skeletal abnormalities such as abnormal tail vertebra (Hill et al., 2002) . Even though these bones develop from mesenchymal condensation (Dixon, 1997) , the osseous dysmorphologies found in hemizygous Ta mice emphasize the role of EDA-A in the reciprocal epithelial-mesenchymal interactions that are of critical importance in the normal formation of the skeleton (Hall, 1980; Hall and Coffin-Collins, 1990; Dixon, 1997) , and suggest that EDA-A expression in osteoblast may be a functional important factor in bone development (Hill et al., 2002) . ramus, and the greater major axis length of the second and fourth ellipses characterized a lower mandibular corpus (Figure 2) . The aspect of the coronoid process in hemizygous Ta males seemed also to be different; the greater horizontal elongation of the ninth harmonic reflected a marked backward projection of this structure ( Figure 5) . The contributions of the Fourier ellipse from the sixth harmonic could be characterized by a slightly narrower neck of the mandibular condyle in Ta males compared to WT males (Figure 6) .
Besides, hemizygous Ta males departed from the heterozygous Ta females-WT females cluster in having, on average, a lower mandibular corpus as demonstrated by the greater major axis length of the fourth ellipse in Eda Ta/Y specimens (Tables 1 and 3 ). Nevertheless some heterozygous Ta females seemed to present a relative morphological proximity with hemizygous Ta males; along DF2, some specimens falling near the Ta males group (Figure 4) .
The overall size of the mandible differed between males and females in both WT and Ta mice (Figure 7) . Welch F test showed significant differences between mouse groups (F = 19.25, p < 0.001). In the WT sample, females presented larger mandibles than males. Ta mice also evidenced significant size differences, and the magnitude of the size differences paralleled those observed within the WT mouse sample. No statistical differences were observed between Eda Ta/Y specimens and WT males. However, Ta mice evidenced a higher mandibular size variability with Eda Ta/Y exhibiting the greatest range of variation.
dIscussIon
Elliptical Fourier analysis treats the shape of the mandible as a whole (Kuhl and Giardana, 1982; Schmittbuhl et al., 2003) contrary to other morphometric approaches based on anatomical landmarks and their associated measurements (Richtsmeier et al., 2002) . The few studies that investigated the mandibular change in Ta/eda mice provide only general descriptions, based on a visual estimation of the mandibular abnormalities (Grüneberg, 1971) . to precise whether these changes correspond to compensations for other craniofacial dysmorphologies -e.g., the reduced and retrognatic maxilla -observed in XLHED patients (Bondarets et al., 2002; Johnson et al., 2002; Dellavia et al., 2006) but not yet demonstrated in mutant Ta mice or are caused directly by the mutation itself. However, the noticeable mandibular changes parallel the marked abnormalities of the lower tooth row Peterkova et al., 2002) . Hemizygous Ta specimens, in exhibiting Abnormalities of mandible in hemizygous Ta mice mainly consisted in a restrained development of that bone along dorsoventral axis, the height of the mandibular corpus being particularly affected. Subtle shape changes also occur, corresponding to a marked backward projection of the coronoid process and to a narrowing of the mandibular condylar neck (Figures 5 and 6) . The mechanisms responsible for these subtle morphological changes remain unclear. Our results have to be supported by further investigations in order Eda gene. The X-inactivation effect can thus induce various pattern of dental and mandibular development, explaining the higher morphological variability recorded in heterozygous Ta females. The underlying molecular aspects of the mandibular dysmorphologies could be linked, first of all, to a direct role of Eda in the development of the craniofacial complex (Montonen et al., 1998; Bushdid et al., 2001) , and especially in Meckel's cartilage (Tucker et al., 2000) . But the function of EDA in normal craniofacial development and in craniofacial abnormalities found in HED is still relatively elusive.
A hypothesis could be that morphological alteration in Ta mice mandible may be a secondary effect due to defective ectodermal development (Mina, 2001; Pummila et al., 2007) . According to Haworth et al. (2004) , cells that will occupy the epithelium of the distal and the proximal mandible primordium already occupy different spatial locations in the developing head ectoderm prior to the formation of the first pharyngeal arch and neural crest migration. Consequently, ectodermal abnormalities such as those linked to Eda/Ta mutations could be responsible to alterations of mandibular development. Besides, the involvement of some ectodermal genes in mandibular patterning has been emphasized as suggested for example by the inactivation of Ptx1, another ecto-mesodermal gene, leading to chondrogenesis alterations and to the loss of bones derived from the proximal part of the mandibular mesenchyme (Lanctôt et al., 1999) .
Considering mandibular shape, 2D elliptical Fourier descriptors provides an original description of the distinctive mandibular manifestation in Ta mice. The ability of our quantitative approach for depicting subtle differences in mandibular profiles (e.g., marked backward projection of the coronoid process and narrowing of the mandibular condylar neck) eludes detection by conventional morphometric methods. The mandibular shape differences evidenced in this study parallel the tooth abnormalities and skeletal defects observed in Ta mice, underlining the role of EDA-A in the reciprocal epithelial-mesenchymal interactions that are of critical importance in the normal dental and craniofacial development. Even if more extensive studies should be undertaken to explore the whole craniofacial skeleton, we provide a detailed analysis of global and local mandibular dysmorphologies and identify the mandibular location that should be targeted for more detailed analysis of cell and molecular processes linked to Eda/Ta gene mutations.
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The Supplementary Material for this article can be found online at http://www.frontiersinneuroscience.org/ craniofacial_biology/10.3389/fphys.2011.00015/abstract/ very distinct pattern of dental and mandibular differentiation from WT specimens, provide thus further evidence that the mandibular dysmorphologies in Eda Ta/Y mice are strongly correlated with Eda/Ta gene defects.
Heterozygous Ta mice seem to be less affected regarding mandibular shape, as suggested by the important overlap occurring with WT females (Figure 3) . Nevertheless, shape variation seems to be higher in heterozygous females than in hemizygous males, some specimens presenting a relative morphological proximity with hemizygous Ta mice (Figure 3) . This pattern of variation is congruent with the marked degree of tooth row polymorphism observed in heterozygous Eda Ta/+ females (Sofaer, 1969; Kristenova et al., 2002; Peterkova et al., 2002; Charles et al., 2009 ). The higher variability of tooth and mandibular morphology might be consistent with a probable X-inactivation effect in females (Lyon, 1961; Plath et al., 2002) . This molecular mechanism leads, in heterozygous Ta females, to a mosaic of cells with expression of a wild-type or a null 
